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Abstract—The contents of this publication are intended for
providing additional supplementary materials, i.e. proofs of
formula derivations, presented in our paper entitled “An An-
alytical Study of Time of Flight Error Estimation in Two-
Way Ranging Methods”. The mentioned paper was submitted
to “Ninth International Conference on Indoor Positioning and
Indoor Navigation (IPIN) 2018”7, which will be held in Nantes,
France on September 24-27, 2018.

Index Terms—Two-Way Ranging, Alternative Double-sided
Two-Way Ranging, TOF Error Model

I. INTRODUCTION

In this publication, we provide the additional material
regarding formula derivation for an Alternative Double-sided
Two-Way Ranging (AltDS-TWR) method presented in our
paper [1], which was submitted to IPIN 2018 conference.
The title of the mentioned paper is “An Analytical Study
of Time of Flight Error Estimation in Two-Way Ranging
Methods” [1].

This publication is organized as follows: In section II,
the overview of AltDS-TWR method is presented. Then, a
brief introduction of the system formulation is described in
section III-A, see the details in [1]. It is followed by the
corresponding formula derivations for AltDS-TWR method in
section IV.

II. ALTERNATIVE DOUBLE-SIDED TWO-WAY RANGING
METHOD

In double-sided TWR methods [2] (Fig. 1), the round trip
time of a signal can be formulated as:

(1a)

troundA = 2T'tof + treplyB

troundB = QCrtof + treplyA (1b)

Where, t,ounda and t,.ounqp are the true round-trip time of
device A and B respectively, and t,cpiy4 and t,cpiyp are the
true replied time of device A and B respectively.
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Fig. 1. Illustration of Double-sided Two-Way Ranging Method

The Alternative Double-sided Two-Way Ranging (AltDS-
TWR) method [3] is achieved by multiplying (1a) and (1b) as
follows. The illustration of the concept is depicted in Fig. 1.

troundA * troundB = (2Ttof + treplyB) . (2Ttof + treplyA)
By simplifying the equation, T}, is obtained as follows [3]:

troundA * troundB — treplyA . treplyB

,Ttof = 2

troundA + treplyA + troundB + treplyB

The detailed derivation of the formula can be found in [3].
By using (2), the estimated TOF for AltDS-TWR method
can be considered as:

troundA . troundB - treplyA . treplyB

Trop = - A A A
” troundA + treplyA + troundB + treplyB
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Therefore, the clock drift error between the estimated and
true value of TOF for AItDS-TWR can be resolved as:

troundA . troundB - treplyA . treplyB

Ttof - Ttof =7 x = A
troundA + treplyA + troundB + treplyB
troundA * troundB — treplyA . trcplyB

- 3)

troundA + treplyA + troundB + treplyB

III. FORMULATION OF THE SYSTEM

The detailed formulation is provided in our paper [1].
Here, we present the minimum requirements for deriving
the corresponding formulas of AltDS-TWR method presented
in [1].

A. TOF Error Estimation Model for TWR Methods

The analytical formulas for a TOF error estimation model
(TEEM) are provided as follows in reference to Fig 1, see the
details on our submitted paper to IPIN 2018 [1]:

trounda = (L + ea + Eapa)trounda (4a)
trepiya = (14 €a)trepiya (4b)
trounas = (L + €5 + £aB)trounds (4¢)
trepiy = (1 + €B)trepiyn (4d)

Where, £4p4 and £pap are additional delays in a single
round trip time of a signal measured at device A and B
respectively. trounda and trounap are the estimated round-trip
time of device A and B respectively, t,ounga and t,ounqap are
the true round-trip time of device A and B respectively, freply A
and f,eply p are the estimated replied time of device A and B
respectively, tyepiya and t,epiyp are the true replied time of
device A and B respectively, and e 4 and ep are the clock drift
error introduced by the device A and B respectively.

B. Classification of Error Model in Three Types

Three types of assumptions are defined, see the details on
our submitted paper to IPIN 2018 [1], as follows:

o Type I Assumption: This is an ideal case. Assume
€A = €ép = € treplyA = treplyB = treply and
Tiof << treply OF Tior is negligible compared to t,.cpy.
In this assumption, not only there is no clock drift errors
between the two evaluated devices, but also the reply time
are assumed to be absolutely the same.

o Type II Assumption: This is a special case. Assume
treplyA = treplyB = treply and Ttof << treply or nof
is negligible compared to0 #,¢piy. In this assumption, the
clock drift error does exist in the evaluated two devices.
However, the reply time are assumed to be absolutely the
same between them.

o Type III Assumption: This is a typical case. Assume
treplyA ?é treplyB and Ttof << treply or Ttof is
negligible. In this assumption, not only the clock drift
error does exist in the evaluated two devices but also the
reply time between them is different.

IV. FORMULA DERIVATION FOR ALTDS-TWR METHOD

As it can be seen, if (4a) to (4d) from section III-A are
directly substituted into (3), the equation will lead to a very
complicated and hard to solve one. Therefore, we derive three
different formula for AItDS-TWR method in accordance with
three types of assumption characterized in section III-B. The
proof of formula derivation for each of the assumptions are
present in the Appendix A (Type I assumption), Appendix B
(Type II assumption), and Appendix C (Type III assumption)
respectively.
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APPENDIX A
PROOF OF TYPE I ASSUMPTION FOR ALTDS-TWR

According to Type I assumption described in our paper [1],
the equation (la) and (1b) becomes:

LroundA ™ treplyB (52)
LroundB = treplyA (5b)
and the proposed model from (4a) to (4d) becomes:
trounda = (14 €+ )trounda = Catrounda
trepiya = (1 + €)trepiya = CBtrepiya
trounds = (1+ €+ troundn ~ Catroundn
treply = (1 + €)trepiys ~ CBtrepiyn

Where, Cy =1+e+€&and Cg =1+e.
Therefore, the TOF error between the estimated and true
value introduced by AltDS-TWR method in (3) becomes:

2 2
CAtroundA “lroundB — CBtreplyA ' treplyB

Ttof - CTtof ~

_ troundA . tT'oundB - treplyA . treplyB

troundA + treplyA + troundB + treplyB
Substituting (5a) and (5b) in the equation and assuming
treplyA = t?“eplyB = t'reply yields:
(CA + CB)(CA - CB)t';%eply
2(CA + CB)treply

Ttof - Ttof ~

. 1
,-Ttof - TtOf ~ §(CA - CB)treply

Substituting C4 and C'p in the equation becomes:

. 1
Eof - Ttof ~ igtreply (9)

(CA (troundA + troundB) + C(B (treplyA + treplyB))



Therefore, the TOF error between the estimated and true

APPENDIX B
PROOF OF TYPE II ASSUMPTION FOR ALTDS-TWR value introduced by AltDS-TWR method in (3) becomes:
According to Type II assumption defined in our paper [1], Tyo 5= Thop =

the equation (1a) and (1b) will now become:

(Ca+E&aa)trepiys - (Co + EBAB)trepiya — Catrepiya - CBlrepiyB
(CA + gABA)treplyB + (CB + gBAB)treplyA + CAtreplyA + CBtreplyB
troundB == t'replyA (10b) _treplyB . treplyA — treplyA . treplyB

Q(t’r'eplyA-i-trepzyB)

troundA & treplyB (103)

and the proposed model from (4a) to (4d) will become:
Ttof - Ttof ~
freplyA ~ (L +ea)trepiya = Ca [(Ca+Eapa) - (O + Epap) = CaCbltrepiya  trepiys
R (CA + gABA)treplyB + (CB + gBAB)treplyA + CAtreplyA + CBtreplyB
trounas & (1 + €5 + {pan)trounas = Cp + paBtreply Substituting C4 = (1 +e4) and Cp = (1 + ep) in the
equation and simplifying it yields:

75?7"011,ndA ~ (1 + €A + £ABA)tT0undA ~ CA + fABAtreply

freplyB ~ (]- + eB)treply ~ CB
Where, Ca4 = (14 ea)trepry and Cp = (1 + eB)treply- Tiof — Troy ~
Therefore, the TOF error between the estimated and true  ((pap + ealpap +Eapa +eBéana + EBABEABA) treplyAtreplyB

value introduced by AltDS-TWR method in (3) becomes: (2+ea+en+Epap)trepiya + 2+ €a+ep + Eapa)trepiyn

Trof — Tios %(CA + &aBAtrepy) - (CB + EBABtreply) — CaCh 7 _— Cityeptyatreptys 2

’ ’ 204 + 205 + &paptreply + Eapatreply fof ™ Htof = Cotrepiya + CatrepiyB (23)
2 —t2

_ Zreply  ‘reply Where C1 = {pap(1+ea)+E&apa(l+ep)+Epapéana,

Atreply Co=2+4+es4+eg+&apand C3=2+es+ep+Eapa

Ca&BaBtrepiy + CEaB A reply + gBABfABAt%eplﬁspecuvely'

2(CA + CB) + (gBAB + gABA)treply
Substituting C'4 and C'p in the equation yields:

Ttof_Ttof ~

Ttof - Ttof ~

lealpap +epéapa+ (§ap + Eapa + Epaplana)ltie,,
(2€A +2ep +4+ gBAB + fABA)treply

. K
Ttof - Ttof ~ threply (15)

Where, K4 = &pap(l+ea)+&apa(l+er)+Epanéana
and Kp =4+ 2(ea +ep)+Epap + £apa respectively.

APPENDIX C
PROOF OF TYPE III ASSUMPTION FOR ALTDS-TWR

According to Type III assumption defined in our paper [1],
the equation (1la) and (1b) will now become:

troundA = treplyB (163)

LroundB = trepiyA (16b)
and the proposed model from (4a) to (4d) will become:
trounda = (1 +ea +Eana)trounda = (Ca + Eaa)treplyB
trepiya = (14 ea)trepiya = Catrepiya
troundB = (1+ep + €paB)troundn = (Cp + EBAB)trepiya

treplyB ~ (1 + eB)treply ~ CBtreplyB

Where, C 4 = (1 —|—€A) and Cp = (1 +BB).



